The process of reconstructing and correcting three-dimensional flow visualization images created using a high-speed laser sheet scanning technique is explored. 3-D images are formed from a sequence of 2-D images obtained using laser sheet illumination with a MHz rate pulse burst laser system, a scanning mirror and a high-speed intensified camera capable of framing rates of 500,000 fps. Due to some unique properties of the high-speed camera, special image processing steps are required in order to form high quality 3-D images. Image processing steps described here include flat-field correction, dark field image subtraction, correction for non-uniform laser sheet intensity and image normalization. In addition, consideration is given to calibration of the 3-D image in 3-D physical space and correction of a ghosting phenomenon associated with the high-speed camera.Examples of visualizations compiled from sets of corrected image data are presented, the sources of remaining distortions are considered, and future system upgrades are described.
possible using more advanced high-speed cameras. Similar techniques have been demonstrated by Hult et al. 10 , Patrie et al. 11 , and Long and Yip
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. Once a sequence of 2-D images is acquired, the reconstruction of that information into high quality threedimensional data is not trivial. The design of the high-speed camera, the intensity profile of the laser sheet, and the physical dimensions of the measurement volume necessitate image post-processing techniques in order to accurately produce a 3-D image flow. Details of the image processing steps become even more important as we seek to develop quantitative diagnostics around this technique. For example, it may be possible to perform PIV measurements using a derivative of this method; however, PIV requires sub-pixel accuracy in order to be most effective. This paperpresents our preliminary efforts towards dealing with these issues. We describe the correction methods developed, and presentflow visualizations of a round jet using the system. 
II. Flow Field Description
The image processing steps described here are presented in the context of experiments recently conducted to visualize the three-dimensional flow of a round jet. The jet facility consists of a converging nozzle attached to a settling chamber with honeycomb and a perforate plate used at the nozzle inlet for flow condition. Seed particles are generated in a secondary chamber using an ultrasonic mister to create small water droplets that are mixed with the air flow delivered to the nozzle. A fan is used to force the water droplets and air through a 2" diameter hose and into the settling chamber. The nozzle has a contraction length of 6.5" and an exit diameter of 1.2". The jet velocity at the exit was measured using a pitot probe to be approximately 10.8 ft/s giving a Reynolds number based on jet diameter of approximately 6700. Details of the boundary layer at the exit of the nozzle were not measured directly, but the boundary layer is expected to be laminar with a thickness less than 1 mm.
The flow exiting the nozzle is illuminated using a thin laser light sheet, which, as discussed, is scanned through the flow volume to form a 3-D view of the flow field. In this fashion, the interface between the jet fluid (seeded with small water droplets) and the ambient is visualized with the presence of vortex structures in the shear layer being quite apparent. Mixing between the seeded jet fluid and unseeded ambient fluid results in a reduced intensity that is also visible in the images. In the experiments, the laser sheet was scanned over a region 2.5" in length. The camera was focused on an area approximately 3.75" x 3.75" yielding a 3-D image volume of 3.75" x 3.75" x 2.5" with a resolution of 220 x 220 x 68 pixels (or voxels). The spatial resolution is thus 0.017 inches/pixel in the X and Y directions and 0.037 inches/pixel in the Z direction. Each 3-D image is effectively instantaneous as the jet core flow will only move 0.018 inches over the 136 µsec acquisition time of the system. We note that even higher speeds are possible using higher speed cameras or by limiting the number of slices used in the reconstruction.
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III. Image Processing
The quality of images in the image sequences are a function of the laser sheet intensity, the field of view of the camera, and the method of operation of the camera. In this case, the camera plays a prominent role in the quality of images and the steps necessary to yield high quality 3-D data. The Ultra68 combines several high-speed imaging methods in order to achieve framing rates as high as 500,000 fps over 68 frames. First, light entering the camera is divided using a four-way beamsplitter, creating four separate optical paths. Identical images are thus formed on the surface of a four-quadrant image intensifier. Each quadrant of the intensifier is controlled independently allowing for high frame rates to be achieved by firing each quadrant in succession. This architecture allows for four highspeed images to be acquired at rates as high as 100 MHz, although this capability has not been tested with this particular camera. A 2k x 2k CCD sensor is located behind the intensifier to record the images formed in the four quadrants. To achieve higher frame storage capabilities, the CCD surface is covered by a specialized opaque mask that blocks light from 16 out of every 17 pixels. Thus, only one pixel out of 17 is sensitive to light. The remaining pixels are used to store charge produced by the one sensitive pixel, with the charge shifted on the CCD surface quite rapidly. Thus, 17 sequential images can be stored by the CCD using this approach. Combined with the segmented intensifier and accounting for image overlap, the camera is capable of acquiring 68 images at 500,000 fps with a resolution of 220 x 220 pixels. The intensifier is key to the operation of this camera as the beam splitter and mask placed on the CCD result in significant optical losses (order 99% loss) through the system. This arrangement has several consequences on the 3-D imaging technique described above. First, the intensifier, although making the system extremely sensitive, adds a significant amount of noise to the images. Second, the images formed on each of the quadrants must be recombined to a common image plane with subpixel accuracy. Furthermore, we have found that the characteristics of the images (i.e. gain uniformity, darkfield, optical distortion, etc.) are dependent on the quadrant the image corresponds to. The implication is that the image processing steps will be slightly differentfor each quadrant (i.e., images 1, 5, 9, and so forth experience a distortion slightly different than images 2, 6, 10, etc.). 
A. Flat Field and Dark Image Correction
The first image correction performed is a flat field correction, which corrects for slight differences in sensitivity of individual pixels on the CCD.These differences can be caused by non-uniform materials in the CCD or slight misalignments in the optical paths leading to the image intensifiers. The particular pattern observed in this camera includes an intensity "hot spot" that shifts location in each quadrant of the CCD. Uncorrected, this pattern will cause a repeating distortion, particularly in iso-surface visualizations. The flat field calibration process consists of placing a plane of uniform intensityin front of the camera lens. This was produced in a dark room using a 60-watt frosted light bulb placed a meter behind a sheet of paper. Software provided by the camera manufacturer takes multiple image sequences and develops a set of intensity coefficients that the pixels of the image sequence are multiplied by to result in an image of constant intensity values. This set of coefficients are stored and used by the camera software to correct all subsequent images.
To correct for any possible surrounding sources of light, such as the operation of the flashlamp-pumped laser amplifiers, a dark image is subtracted from every image captured. This dark image is taken in the exact same configuration and with the pulse burst laser operating; however, the seed laser is turned off. This greatly reduces the mean pixel value of the images, and eliminates a majority of CCD artifacts.
B. Region and Sheet Intensity Normalization
The roughly Gaussian laser beam produced by the pulse burst laser system, when passed through a cylindrical lens, becomes a laser sheet with a similar Gaussian intensity profile. This profile will accentuate flow features near the center of the sheet, as shown inFigure 3.For a better understanding of the effect, a data set of 500 image sequences was taken, and the average image is shown in Figure 4 . For 3-D visualizations such as iso-surfaces and 2-D slices, this intensity variation will drastically distort the result and reduce the usable region of the data set.
We correct for this variation in laser sheet intensity using an in-situ calibration method. In the case of the jet flow considered here, the number of water particles should, on average, be constant over a cross-sectional slice of the image. By summing the individual rows of the average image sequence (a 220 x 68 slice along the scanning axis, orthogonal to the jet axis in Fig. 4) , the sheet intensity profile is found. A set of row correction coefficients is made by dividing these individual row summation values of the average image by the maximum value. This profile is then applied to the instantaneous images. This is a convenient way to capture intensity profile data for cases where particles do not escape the measurement volume. In cases where particles in the jet may exit the volume, but a clear jet core exists, the maximum rather than the average of the row slices can be taken. Alternatively, one could use a calibration cell, such as a water tank with particles suspended in it, to approximate a uniformly seeded flow field. An additional source of intensity variation is due to fluctuations in the power output by the pulse burst laser system. These slight variations are due to variations in the seed laser output, flashlamp energy, thermal loading, and various other factors. For statistical analysis usinglarge numbers of image sequences, the image intensity must be normalized to eliminate the effect of pulse train energy fluctuations. To accomplish this, a uniform threedimensional region of the flow field is selected, such as the volume directly above the nozzle in the jet core, where the number of seeding particles should be approximately constant at all times. In this region, any changes in intensity are due only to laser energy fluctuations. Each frame in the image sequence is divided by the average value of the region to accomplish normalization. Figures 5 and 6 show the instantaneous and average image after these corrections were implemented. The details of the instantaneous image, particularly at the top and bottom of the image, are much more distinct and suitable for analysis. The average image also shows a more typical pattern as the jet core is seen to shrink in size with increasing downstream distance.
C. Spatial Corrections
One area that we are particularly focused on now is accurate calibration of the image data to the 3-D physical space from which the light originated. While not overly important for flow visualization images, proper calibration will be crucial for more detailed quantitative measurements such as 3-D LIF or 3-D PIV. On issue that we are addressing is the change in magnification from the front to the back image plane. As the laser sheet scans from the back of the flow field as seen by the camera, the imaged field of view of the camera changes, resulting in a 3-D trapezoidal measurement volume, illustrated in Figure 7 .In addition,complicating this issue is the four-quadrant architecture of the high-speed camera which causes a slight jitter from frame to frame. Thus, two corrections must be implemented: one to correct for changes in magnification and the other to correct for the frame to frame jitter. We are in the process of developing this procedure and present some of our ideas here. To correct both these problems, a dot card alignment process is used. A dot card was constructed out of an aluminum plate by drilling holes in a precise grid pattern. A light source was then placed behind the card to provide clear dot images at the minimum 1,000 fps speed of the Ultra68 camera. The spacing between dots is 1/2 in, and the dot diameter is 1/8". It has been found that a single dot card image at the center of the imaging volume is sufficient to correct for the frame-to-frame jitter observed in the images.
A single dot card, however, is not sufficient to address the change in magnification of the image through the measurement volume. The most accurate approach would be to acquire a dot card image for each location of the laser sheet. As the laser sheet scans through 68 different planes, however, this procedure is quite tedious and not practical for many experimental set-ups. Rather, we are investigating the possibility of taking a dot card image at the rear image plane and a dot card image at the front plane and interpolating the dot location at intermediate planes.
We have tested this idea by mounting the dot card on a translation stage and taking dot card images at seven different locations. The dot locations for each image are found using a center of mass dot-finding technique. The dot positions at the front and back plane were then used to predict the dot location at the intermediate planes using simple linear interpolation. Results are preliminary, however, it appears that subpixel accuracy in predicted dot location is possible using this method. The inclusion of 3 rd central plane in the calculation should provide even more accurate results. Once the dot locations are determined, all of the images in a sequence can be mapped to a common grid such that the resolution is constant across the entire image. This method has the added advantage that it inherently corrects for other optical distortions such as pincushion or barrel distortion. Currently we are developing an algorithm in MATLAB to implement these ideas. The function create_tforms() is called using the locally weighted mean method to create the transformation matrix structures. Subsequently, the function imtransform() applies these transformations to yield the final corrected images. The XData and YData arguments are used to ensure the resulting images maintain their original dimensions.
VI. Miscellaneous Considerations
Additional distortions and imperfections are present in the final images, even after the extensive post-processing described above. These topics are currently under investigation and briefly discussed here.
A.Ghosting
The largest of the remaining known errors is an issue known as ghosting. Ghosting is an image artifact associated with the architecture of the Ultra68 camera where an imprint of an image taken in one frame is evident in another frame. The exact cause of the artifact is unknown, but is believed to be due to either the fluorescence decay harge from one a placed very n with the previo Ultra68 camer maining frames e residual inten ter the signal im h shows the av 29 is close to 3 nt. Oddly, the ure 6.Addressin underlying ph understood, th ages and single n coefficients. the scanning mirror and the flow facility being investigated, the maximum laser sheet angle is small, on the order of 1 deg and the image is ~95 mm wide. This corresponds to an error, Δz, on the order of 1 mm for the current measurements. As the distance d from the scanning mirror decreases, which may occur in flow facilities with limited physical or optical access, this distortion will no longer be negligible. As this error can be calculated relatively simple, it should be possible to correct for this. Proper planning of future facilities which enable accurate dot card images to be taken and laser sheet orientations to be measured at multiple locations along the image axis will allow this problem to be corrected with additional processing steps in MATLAB.
C. Depth of Field Blurring
The laser sheet scanning technique, due to the high speeds involved, does not allow for changes in the lens settings (i.e. focus and zoom) during a scan. As such, the image may appear out-of-focus at the front and back image planes. A first-degree approximation of the depth of field (DOF) in an imaging system is:
where f stop is the f-stop of the lens (in the current configuration, f/#2.8), C is the size of the circle of confusion (i.e minimum resolvable spot size due to defocus), and M is the magnification. From this equation, it is clear that the DOF is proportional to the image resolution defined with C. The DOF can be improved by reducing the aperture of the lens (increasing the f-stop), but with the side effect of reducing signal levels due to a decreased solid angle for light collection. This puts a greater strain on the output power of the laser system. As an example, for the settings use in the image shown below, the DOF is 64 mm, M ~0.15, and f/# = 2.8. Under these conditions, the minimum resolvable spot size is approximately 0.2 mm, which is half of the resolution of the images. Thus, this does not present a problem for these settings. For imaging of a subject closer to the camera (i.e. higher M) or under low-level illumination (lower f-stop), this issue may need to be considered in greater detail.
VII. 3-D Flow Visualization Examples
After all image corrections have been applied within MATLAB, the detailed 3-D visualizations can finally be created by exporting the data to TecPlot, a commercial software package designed for use with CFD and numerical data. Images are saved in an ASCII format file that records each image coordinate (x,y,z) and the associated intensity value of the image. Tecplot is then able to render this data using iso-surface and cross-sectional views. Images are presented of the flow from a round jet with exit velocity of 10.8 ft/s and Reynolds number of 6700. At this speed, the flow moves less than one pixel over the 136 microsecond time it takes to complete a scan. The pulse burst laser system was set up to output 68 250 nsec long pulses at 500 kHz, and the camera was set to a 350 nsec exposure time at 500,000 fps. A Nikon telephoto lens was attached to the camera, adjusted to a focal length of 135 mm, f/# of 2.8, and focus at 2.7 m. The following visualizations capture an area of 95 mm x 95 mm x 64 mm. These images were taken as part of a larger study on transition mechanisms in excited jets with further details found in Thurow and Lynch.
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Figures 11 and 12 present sample images of the jet in the near-field. Figure 11 is an iso-surface image where the surface has been rendered transparent to allow visualization through the surface as well. Figure 12 shows 10 cross-sectional slices (out of 220 possible) of the flow in an exploded view. This type of plot allows for one to view more of the details of the image. In both images, the scan direction of the laser sheet or any artifacts due to the four quadrant nature of the high-speed camera are difficult to detect indicating that the image processing steps implemented so far are effective. Some striping is apparent in the background, but the flow structure is clear and apparent.
In the images of the near field, ring vortices formed due to shear layer instability at the nozzle exit are clearly apparent. Furthermore, the rapid growth of azimuthal instabilities over this region is clear. In Fig. 11 , this takes the form of small fingers of fluid aligned in the streamwise direction and surrounding the ring vortex. In Fig. 12 , this is apparent as a distortion of the circular shape with increasing downstream distance. Figure 13 and 14 show similar images of the jet further downstream (x/d = 8.13 to 11.25). This region of the flow is beyond the end of the potential core. The structure of the flow has clearly changed in this region as the jet core fluid is no longer circular but is more convoluted and twisted. Figure 13 also incorporates the ability to render a surface transparent so that both the inner and outer structure can be observed. 
VIII. Conclusions and Future Work
The various image transformations performed on raw image sequences from the Ultra68 camera have yielded improved images that accurately represent the measurement volume. The 3-D images presented above clearly show the potential of the technique to present detailed information about unsteady and three-dimensional flow fields. We hope to exploit this capability in the future through further flow visualization studies and expansion of the technique to more quantitative diagnostics such as 3-D LIF and 3-D PIV. The work presented here represents our ongoing effort to improve the quality of our 3-D flow visualization technique and provide the accuracy needed as we move towards these more advanced techniques. In the near future many components of the system will be upgraded. The pulse burst laser will be significantly upgraded with additional amplifiers to increase the power output by one to two orders of magnitude. In addition, we are looking to addthe capability for frequency conversion to 266 nm (ultraviolet), in support of acetone fluorescence. These new additions will substantially increase the quality of images and allow the system to be used for imaging other flow fields.
